Growth charts are used in pediatric medicine to plot anthropomorphic measurements over time, serving as a screen for diseases related to a patient's nutritional and general health status. Whereas reference data for term infants are available from the Center for Disease Control, reference data for premature infants in a neonatal intensive care unit have not been established. Predictive curves for preterm patients, which are based on a patient's postmenstrual age and anthropomorphic measurements at birth, cannot be easily implemented with traditional paper-based methods. Preterm growth charts can be generated in an electronic health record system, but doing so requires mathematical equations or computer-readable tables. This report examines published perinatal growth curves and presents equations for predicted postnatal weight, head circumference and length in preterm infants.
Introduction
Growth charts are used in pediatric medicine to plot anthropomorphic measurements over time, serving as a screen for diseases related to a patient's nutritional and general health status. Whereas reference data for term infants are available from the Center for Disease Control, 1,2 reference data for premature infants in a neonatal intensive care unit (NICU) have not been established. Postnatal measurements of weight, head circumference (HC) and length (LEN) of premature infants have traditionally been plotted on intrauterine growth charts that were developed using birth measurements from premature infants. Early growth charts were based on results reported by Lubchenco et al., 3, 4 Usher and McLean 5 and Babson and Benda. 6 Fenton 7 recently published an updated version of Babson's chart based on a meta-analysis of data from other studies. Although intrauterine growth charts [3] [4] [5] [6] [7] are useful in determining an infant's status at birth, they may not reflect expected growth in the extrauterine environment of the NICU. Prenatal and postnatal growth results from different factors. Intrauterine growth of the fetus depends on the nutriments provided across the placenta, which may be affected by maternal disease. Growth of the postnatal infant in the NICU depends on the nutriments provided by intravenous or enteral lines and the presence of any existing or incident perinatal diseases. The general goal for weight gain in the NICU is to replicate the intrauterine growth of a normal fetus during the 3rd trimester, 8 which is generally interpreted as having a growth velocity for weight of 15.0 g/kg/day with infants receiving 120 kcal/kg/day of nutrition. 9 Intrauterine growth charts [3] [4] [5] [6] [7] show continuous weight gain as gestational age increases, but newborns usually experience weight loss immediately after birth. For infants with gestational age X37 weeks and birth weight (BW) X2500 g, Macdonald et al. 10 reported 6.2 to 8.9 days to regain BW and weight losses from 3.0 to 6.9%. Preterm infants in the NICU may lose more of their BW and take longer to regain their BW than term infants. For infants in the NICU, Dancis et al., 11 Bronsis et al., 12 Gill et al., 13 Shaffer et al., 14 Wright et al., 15 Erhenkranz et al. 16 and Pauls et al. 17 reported weight losses varying from 4.8 to 15.0% and 6 to 22 days to return to BW.
Several postnatal growth curves for premature infants in the NICU have been published. Weight curves have been reported by Dancis et al., 11 Brosius et al., 12 Gill et al., 13 Shaffer et al., 14 Wright et al., 15 Ehrenkranz et al., 16 Pauls et al. 17 and Berry et al. 18 Head circumference and LEN curves were reported by Wright et al., 15 Ehrenkranz et al. 16 and Berry et al. 18 Tables and curves of predicted weights, HCs and LENs for BWs from 501 to 1500 g can be generated at the National Institutes of Child Health and Human Development (NICHD) website. 19 The objective of this report was to provide predictive curves for the growth of subjects in the NICU. We use these predictive curves to generate computerized growth charts for each patient's electronic health record.
Methods and results

Setting
Vanderbilt University Medical Center (VUMC) includes the Vanderbilt Children's Hospital (VCH), a 196-bed academic inpatient facility with local and regional referral bases. At the time of this analysis, the VCH NICU has a 54-bed Level III nursery and serves as a referral center for most of Tennessee and Southern Kentucky. Since 1995, VUMC has developed and implemented an electronic health record system that is now available throughout the medical center and accessible from off-campus sites via the internet. 20 This electronic health record system provides automated computerized growth charts for all children, including the postnatal charts described in this report. Upon receiving Institutional Review Board approval, we obtained gestational age, BW, HC and LEN data from the electronic health records. In our NICU, BW, HC and LEN are measured by nurses. Birth weight is measured in grams with an electronic scale, and HC and LEN are measured in centimeters with a paper tape. Because these measurements were gathered as part of standard patient care, no reliability or agreement measure was ever applied, or would be applicable in retrospect.
Gestational age and postmenstrual age
Gestational age, which is used to describe the maturity of a fetus or a newborn infant, is the time elapsed between the first day of the mother's last menstrual period and the day of delivery, expressed in completed weeks. When assisted reproductive techniques were used, gestational age is equal to the time between the day of fertilization and the day of delivery, plus 2 weeks. 21 Postmenstrual age, which is used to describe the age of an infant in the perinatal period, is the gestational age plus the infant's chronological age. 21 Days to return to birth weight The number of days to regain birth weight (R) was modeled as a piecewise function consisting of a parabola for BWs from 500 to 2700 g and a linear function for BWs greater than 2700 g. The equation for R is as follows: for 500pBWp2700; RðBWÞ ¼ round ð31:2 À 0:0167
where BW is the birth weight in grams. The parabolic portion of Equation (1) is a least-squares fit of the number of days to regain birth weight data from Dancis et al., 11 Gill et al., 13 Shaffer et al. 14 and NICHD. 19 Figure 1 shows Equation (1) and those data points.
Predicted weight
Following the initial period of postnatal weight loss, Ehrenkranz's BW equation, 16 the growth curves of Dancis et al. 11 and the growth curves from NICHD website 19 model weight has increased linearly. Gill et al., 13 Shaffer et al., 14 Wright et al., 15 Ehrenkranz et al. 16 and Pauls et al. 17 reported weight gain in terms of g/kg/day, which is an exponential growth constant. Patel et al. 22 investigated linear and exponential methods for calculating postnatal growth velocity for weight and reported that the exponential method was the most accurate. After regaining BW, Brosius' tables showed weight increasing at 9.3 to 22.8 g/kg/day; 12 Gill reported weights increasing at 8.8 to 21.0 g/kg/day; 13 Shaffer's weights increased at 11.6 to 18.4 g/kg/day; 14 Wright's weights increased at 14.3 to 28.5 g/kg/day; 15 Ehrenkranz reported weight gains at 13.46 to 16.28 g/kg/day 16 and Pauls reported weights increasing at 13.6 to 17.6 g/kg/day. 17 These results are summarized in Table 1 .
Predicted weight (PW) was modeled as a piecewise function consisting of a parabola from birth (day 0) until the weight returns to the BW (day R) and an exponential function after day R. The parabola has a minimum at R/2 days that is 7% (0.07) less than the BW. After R days, the PW increases exponentially according to the growth velocity for weight (V WT ). The equation for PW is Figure 1 Days to return to birth weight (R) using Equation (1) and days to regain birth weight from Dancis, Gill, NICHD and Shaffer. V WT is the growth velocity for weight, V HC is the growth velocity for head circumference and V LEN is the growth velocity for length.
Equations for postnatal growthas follows:
where d is the number of days after birth, BW is birth weight in grams, R is the number of days to return to BW (Equation (1)), V WT is the growth velocity for weight in g/kg/day and GA is gestational age in weeks. Figures 2 and 3 show the observed weight from two NICU patients and PW from Equation (2) using a V WT of 15.0 g/kg/day. 9 The BW of the patient in Figure 3 was less than 1500 g and the PW from the NICHD website is also shown.
Predicted head circumference
Wright et al. 15 reported HC increasing at 0.71 to 0.74 cm/week, Ehrenkranz et al. 16 reported HC increasing at 0.74 to 1.00 cm/week and Berry et al. 18 showed HC increasing at 0.94 cm/week. These growth rate constants describe linear growth and are summarized in Table 1 . The predicted head circumference (PHC) values generated at the NICHD website 19 were not linear and can be fit with parabolic functions. Although parabolas can be used to model the lack of growth while weight is decreasing, they do not describe the linear growth observed by Wright et al., 15 Ehrenkranz et al. 16 and Berry et al. 18 when weight is increasing. Predicted HC was modeled as a piecewise function consisting of two linear functions.
for dp 
where d is the number of days since birth, birth HC is the head circumference at birth, R is the number of days to regain birth weight (Equation (1)) and V HC is the growth velocity for HC in cm/ week. Unlike weight, HC does not usually drop after birth. The PHC remains constant while the infant is losing weight, then increases linearly when weight starts increasing again (after R/2 days). Figure 4 shows the HC of an NICU patient, PHC from the NICHD website and PHC using Equation (3) with a growth velocity for HC (V HC ) equal to 0.92 cm/week, which is the mean from Ehrenkranz's values.
16 Figure 2 Four weeks of daily weight data from an NICU patient (solid circles) and predicted weight using Equation (2) (solid line). Patient's birth weight was 1765 g. Nine weeks of head circumference data from an NICU patient (solid circles), predicted head circumference from the NICHD website (open circles), and predicted head circumference using Equation (3) (solid line).
Predicted length
Wright et al. 15 reported LEN increasing at 0.84 to 0.98 cm/week, Ehrenkranz et al. 16 reported LEN increasing at 0.86 to 1.02 cm/ week and Berry et al. 18 showed LEN increasing at 0.94 cm/week. These growth rate constants describe linear growth and are summarized in Table 1 . The predicted LEN (PLEN) values generated at the NICHD website 19 were not linear and can be fit with parabolic functions. Although parabolas can be used to model the lack of growth while weight is decreasing, they do not describe the linear growth observed by Wright et al. 15 Ehrenkranz et al. 16 and Berry et al. 18 when weight is increasing. Predicted LEN was modeled as a piecewise function consisting of two linear functions: for dp
where d is the number of days since birth, birth LEN is the length at birth, R is the number of days to regain birth weight (Equation (1)) and V LEN is the growth velocity for length in cm/week. The PLEN remains constant while weight is decreasing, then increases linearly when the weight starts increasing again (after R/2 days). Figure 5 shows the LEN from an NICU patient, PLEN from the NICHD website and PLEN using Equation (4) with a growth velocity for LEN(V LEN ) equal to 0.94 cm/week, which is the average of the three V LEN values in Table 1 .
Discussion
Growth charts provide decision support to pediatricians, allowing them to compare a patient's growth to reference growth patterns and visualize if growth begins to deviate. In the NICU, excessive weight gain may suggest fluid overload or catch-up growth following intrauterine growth restriction. Inadequate weight gain may indicate incident illness or inadequate nutrition. Excessive increases in HC may indicate hydrocephalus. Reference growth patterns can be based on percentiles of growth in a normal population 1,2 or percentiles of growth in specialized populations. 23 Growth charts are traditionally implemented with paper-based methods. However, given the high degree of customization necessary to account for patient birth measurements and gestational age, postnatal growth curves cannot be easily implemented with paper-based techniques. By contrast, once the necessary growth equations or tables are provided, electronic health record systems that store gestational age and anthropomorphic measurements can easily generate growth curves individualized for each patient in the NICU.
A hurdle in developing electronic medical record system components is identifying and including functional characteristics that system users expect. Requirements for growth charts in electronic medical record systems, as outlined by the American Academy of Pediatrics, include 'recording, graphic display, and special calculations of growth patterns', an 'ability to calculate, display, and compare a child's growthywith normal ranges', and an 'ability to use different ranges for different patients'. 24 Although paper-based growth charts adequately cover these basic functions, pediatricians caring for premature infants may prefer using reference curves that account for individual patient variations based on BW and institutional growth velocities rather than reference curves that mimic intrauterine growth. 25 This report presents equations that model individualized reference curves for postnatal growth. The equations include components representing individual patient characteristics (gestational age and anthropomorphic measurements at birth) and expected growth velocities. According to the standard of practice at our institution, growth velocity for weight (V WT ) was set to 15.0 g/ kg/day, growth velocity for HC (V HC ) was set to 0.92 cm/week, growth velocity for LEN (V LEN ) was set to 0.94 cm/week, the period for returning to BW (R) was based on BW and the weight loss was set to 7%. Healthcare providers and system developers using these equations can select the values for V WT , V HC , V LEN , R and weight loss that most closely match growth rates observed in their NICU.
Limitations
This study has limitations meriting discussion. First, the study was limited to developing equations for predicted postnatal growth and did not investigate methods for developing and displaying growth charts in an electronic health record system. Second, although the equations developed in this study model exponential growth after the BW has been regained, it is possible that the growth velocity for weight (V WT ) slows after a postmenstrual age of 37 weeks. Using these equations to predict growth beyond 37 weeks may require further validation. Third, because the equations were developed in an academic institution using data from studies obtained primarily at other academic settings, it is possible that these results will not generalize outside of that environment. To use different growth velocities, users would have to evaluate the growth on many subjects at their institution. Fourth, the growth equations are appropriate for gestational age babies. Infants that are small for gestational age, large for gestational age or had intrauterine growth restriction may have different constants for calculating R and different growth velocities. Testing this will require further work.
Conclusions
We have developed equations that describe the expected postnatal growth of premature infants receiving care in our NICU. The equations allow individual healthcare providers or institutions to use growth velocity constants that most closely match the growth patterns they observe with their patients. Equations for growth will improve the ability to implement growth charts in an electronic health record system and may enhance the accuracy and adoption of patient-specific predictive charts.
